Introduction
In vivo, kidney development is considered to begin when the ureteric bud (UB) grows out from an epithelial tubule called the wolffian duct (WD) into a population of cells referred to as the metanephric mesenchyme (MM), which originates from the intermediate mesoderm. The UB and MM then go through mutually inductive interactions, where the MM supports the dichotomous branching of the UB to form the collecting duct system, while the UB induces the MM to undergo a complex process that gives rise to the proximal (including the epithelial cells of the glomerulus) through distal portions of nephrons. During this iterative process, vasculature and innervation originating from the base of the UB are also established. Once fully developed, the kidney contains more than two dozen distinct cell types which must be spatially organized to carry out their functions.
From a tissue-engineering perspective, while the ultimate endpoint is to create an organoid in a laboratory setting that can replace the function of a healthy kidney, the most feasible means of achieving this goal is not yet clear. A number of approaches have been proposed. With the advent of decellularized organ scaffolds, one conceivable option is to reintroduce the necessary types of dif-ferentiated patient-specific kidney cells into a full-size scaffold rather than following a strictly developmental program. This will require safe and efficient methods to program the distinct kidney cell types from patient cells. An alternative strategy is to mimic endogenous development, which consequently reduces the requirement of starting materials to a small set of progenitor cell populations, but this may necessitate a more intricate culture process. Nevertheless, multiple studies have demonstrated the self-contained ability of the UB and MM to instruct each other through kidney development, making the use of developmental approaches a promising possibility [1] . However, if the strategy is to mimic development from a set of progenitor cells, there is a still the question of whether a full-size engineered organ can be cultured in a lab setting and then implanted or whether it needs to undergo development in vivo.
Lessons from Cell and Partial Organ Culture Systems Relevant to Renal Morphogenesis
Pioneering studies carried out more than half a century ago by Grobstein [2] and colleagues demonstrated that after the UB and MM are specified these tissues can then be cultured in vitro and are capable of recapitulating much of the early kidney development -including branching morphogenesis of the collecting system and nephron formation -without major additional cues. Since this was discovered, a substantial amount of progress has been made in further deconstructing renal morphogenesis in vitro and in vivo in order to understand endogenous development as well as how these properties can be exploited to engineer functional renal tissue.
Because the UB and MM do not survive when cultured in isolation, efforts were directed at isolating the supportive and inductive cues provided by the two tissues to each other. To address this, immortalized cell lines of UB and MM origin were tested for their capacity to induce morphogenetic processes involved in kidney development. It was found that UB cell-conditioned medium, along with diffusion-limited signals [3] or added bFGF and TGFα [4] , could induce nephrogenesis in isolated MM. Similarly, BSN cell (of MM origin)-conditioned media induced tubulogenesis of UB cells [5] and, in the presence of GDNF, of the isolated UB [6] when cultured in a 3-dimensional (3D) matrix. By purifying factors and testing them for the inductive capacity of the reciprocal tissue, specific combinations of growth factors were identified that could induce nephrogenesis in isolated MM [7] or branching morphogenesis of the isolated UB [8] . Since then, several other signaling pathways have been shown to have modulatory roles in the formation of the MMderived part of the nephron [9] and UB branching morpohogenesis [10] .
It was also found that the WD could be induced to form buds in vitro [11] ; this in vitro bud from the WD could replace the function of native UBs [12] . Furthermore, even an uninduced WD tubule was found to behave as the UB when recombined with MM [13] . Thus, the required starting materials for the collecting system of the kidney have been reduced to a tubular structure with a WD-like identity, presumably more attainable than the heterogeneous UB structure -which has a tip and stalk domain. Whichever strategy to engineer functional renal tissue proves to be the most efficient, the ability to dissect and modulate kidney organogenesis may be relevant to achieving success.
From a tissue-engineering viewpoint, the branching UB can be viewed as an 'iterative tip-stalk generator (ITSG)' [14, 15] . This ability of the UB to act as an ITSG can be used to establish the architecture of the kidney; in other words, it could be used as the driver for organ engineering through recombination of tips with MM tissue [16, 17] or cells differentiated toward MM [14] . Importantly, the ITSG can be propagated for multiple generations by subculturing its tips, which then essentially act as new isolated UBs that can grow as the native UB (which can then be recombined with MM cells or tissue) ( fig. 1 ). This is a robust strategy for generating functional renal organoids [14, 16] . However, while relatively small implanted engineered renal constructs have been shown to recruit vasculature [12, 18] , a larger one may require some type of preestablished vascular network.
The issue of vascularization aside, one of the major obstacles in translating tissue culture methods based on developmental processes is the lack of protocols to safely and efficiently reprogram patient-specific cells into the minimal set of required cell lineages that can undergo normal kidney development. Based on modified organ and cell culture findings, these appear to be cells that make up the UB (or possibly WD) and MM. It has been demonstrated that when early developing kidneys -consisting of the UB and MM -are enzymatically disassociated, reaggregated, and cultured they are able to reorganize into their respective domains and continue kidney development [19] . Furthermore, it has been shown that these constructs are able to develop vascularized nephrons when implanted under the renal capsule [20] . A remaining obstacle for this strategy is to establish the required progenitor tissues from cul-tured cells. While primary MM cells that are subcultured in 2 dimensions may lose some of their capacity to act as MM tissue, the fact that freshly prepared MM cell suspensions can behave as native MM upon reaggregation suggests that it may be possible to maintain this capacity over multiple cell divisions in culture given appropriate culture conditions [13] . This is further supported by the observation that, while the isolated MM cannot survive in culture without additional cues, MM cultured in the presence of FGF2 and BMP7 survived and retained the ability to undergo nephrogenesis for multiple days [21, 22] . Nevertheless, whether it is possible to establish 2 replenishable homogenous populations of cells that can be made to act as the MM and the WD/UB from patient cells remains to be seen. If so, schemes have been proposed for engineering kidney tissue based on partial organ culture and cell culture methodologies [12, 13] .
Programming Renal Progenitor Cells
A number of renal tissue-engineering strategies ultimately depend on the ability to establish patient-specific cells that are capable of being assembled into the initial kidney progenitor structures -the WD or UB and the MM ( fig. 2 ). To explore methods to establish renal precursor cells, embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have been used, the assumption being that many findings with ESCs are translatable to iPSCs. While it is not clear to what extent programmed cells can be used to fully recapitulate the behavior of either the UB or MM, multiple studies have reported differentiation of ESCs or iPSCs to renal progenitor-like cells according to marker expression and the capacity to integrate into developing kidneys [23, 24] . Furthermore, recent studies have developed protocols that can differentiate pluripotent stem cells to renal progenitor cells that are capable of epithelialization and tubulogenesis in vitro (in the absence of native developing renal cells) [25] [26] [27] [28] . Collectively, this work is an important step toward engineering renal tissue ex vivo from programmed cells alone.
Many of these studies have used various permutations of a small set of signaling molecules to induce renal marker expression in ESCs or iPSCs [mainly activin A, bone morphogenetic factors (BMP4 or BMP7), retinoic acid, fibroblast growth factors, WNT agonists, and leukemia inhibitory factor, all of which play important roles in early kidney development in vivo]. This supports the notion that endogenous development may serve as a guide for creating renal progenitors in vitro. However, it is important to determine what progenitor population would be most appropriate for renal tissue engineering. Many studies have shown expression of markers that demarcate the intermediate mesoderm, which is not solely committed to a renal fate, or markers that are found in, but not exclusive to, various renal cell lineages. Based on development, the target cell population should presumably replicate the functions of the MM, which is committed towards kidney lineages yet also sufficiently multipotent.
The functional contribution of cells differentiated in vitro from stem cells that have integrated into renal tissue remains to be clarified. Furthermore, stem cells have been reported to have the capacity to integrate into developing Fig. 1 . Schematic of a possible strategy to engineer and propagate the renal collecting duct system as an ITSG. In vivo, the collecting duct system arises from the UB -an epithelial outgrowth that emerges from the WD upon induction by the MM. The UB is then further induced by the MM to undergo a finite number of dichotomous branching events (until the inducing MM is depleted), thus establishing the collecting system. This process can be recapitulated in vitro. First, an isolated WD is forced to bud by defined soluble factors. The resulting bud can then be dissected and induced to branch independently of the MM when cultured in a 3D matrix. Furthermore, tips from branching structures can then be dissected and induced to form branched structures for multiple generations, thereby serving as an ITSG. renal tubules without any prior conditioning [29] . One more issue to consider is the fact that a true multipotent progenitor population would need to undergo multiple cell divisions, which could increase the potential for tumorigenicity. Thus, it is important to also consider the possibility of using patient-specific cells that are differentiated towards mature renal cell types.
Programming Terminally Differentiated Renal Cells
While a developmental approach is promising, an alternative strategy may be to generate full-sized implantable organs by recellularizing biocompatible scaffoldswhich can be made by decellularizing cadaveric organs (likely pig or primate) or potentially by other means such as 3D bioprinting -with patient-derived cells ( fig. 3 ). This was demonstrated in rats in a recent study, where rat kidneys were decellularized, recellularized with kidney and endothelial cells, and shown to carry out limited functions in vitro and in vivo [30] . As already mentioned, the success of this approach will largely depend on the ability to develop differentiation protocols for the multitude of mature renal cell types or potentially multipotent progenitors that can commit to the correct lineage based on their surrounding microenvironment.
In utero, the transition from a pluripotent state to a highly specialized, terminally differentiated cell type in- Fig. 2 . Schematic of a modified organ culture approach to tissue engineering a kidney organoid from patient-derived cells. Potential cell sources include primary cells, adult stem cells (e.g. bone marrow-derived stem cells), or iPSCs. While differentiation towards expression of renal progenitor markers has been reported, the creation of cells that can recapitulate the endogenous capacity of the UB and MM remains hypothetical. Once this is achieved, the UB can be propagated in vitro (see fig. 1 ) and recombined with MM tissue to form a rudimentary renal organoid. While these resulting constructs are able to mature and become vascularized when implanted in vivo, initial maturation might be better achieved in a bioreactor prior to implantation or use in other applications. Fig. 3 . Schematic of a cell-based approach to renal tissue engineering. Rather than following a developmental program, it may be possible to seed an acellular scaffold that recapitulates the renal architecture with patient-derived cells. Further development of this strategy will require the ability to establish the necessary differentiated renal cell types and/or renal progenitors from patient cells. Additionally, it may be important to refine the bioreactor design to be able to support the recellularization and maturation process of a relatively large organoid.
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Color version available online 105 volves a myriad of spatiotemporal events. While perfectly recreating the endogenous developmental environment in vitro would seem ideal, this may be unrealistic. On the other hand, many studies have demonstrated that a small set of cues, whether it be via soluble signaling factors, reprogramming transcription factors, or other methods, are often sufficient to drive cells directly towards various cell lineages [31] . In some cases differentiation protocols involve several sequential steps attempting to mimic progressive developmental stages, but they do not fully correspond to the complexity of normal development. Nevertheless, these protocols have been able to achieve promising results, especially for nonrenal tissues such as the pancreas, liver, and cardiomyocytes, where cells programmed from either stem cells or somatic cells have been used to restore some functionality in injury/disease models. This provides hope that, with a deeper understanding of the lineage-determining traits of the different types of renal cells, it may become possible to develop methods to differentiate stem cells or transdifferentiate somatic cells towards cells capable of reconstituting a kidney.
Most of the early studies that have differentiated cells towards renal lineages have been aimed at creating a progenitor population. Recently, mature cell types have become a target of interest as well. While the field is far from being able to engineer all renal cell types, there are reports of establishing proximal tubule cells from iPSCs [32] and podocytes from ESCs [33] . Interestingly, while the endpoints appear to be morphologically and functionally different, both studies used retinoic acid, BMP7, and activin A to achieve the final phenotype; BMP2 was also included to differentiate towards a proximal tubulelike phenotype. Furthermore, these factors have also been used to program renal progenitor populations. It will be important to establish clear criteria to characterize the endpoint, as well as to test the specific capacity for which the cells are designed, such as function and integration, in an injury model or population of a scaffold.
While signaling factors have often been used to differentiate stem cells into various lineages, transcription factors are often considered to be mechanistically critical for cell lineage determination. Furthermore, while there are a number of reports of using soluble signaling factors to differentiate stem cells to a more restricted fate, most reports of changing the cellular fate from one differentiated state to another (transdifferentiation) have involved the introduction of transcription factors [31, 34, 35] . In a recent study, proximal tubule marker expression and organic anion transporter function (specific to proximal tubules in the kidney) were achieved by introducing two transcription factors -hepatocyte nuclear factors 1a and 4a (Hnf1a and Hnf4a) -via lentiviral transduction of mouse embryonic fibroblasts [36] . Specifically Hnf1a and Hnf4a were chosen because their binding motifs were highly enriched with p300-bound cis-regulatory enhancers in the kidney cortex (where proximal tubule cells are the major population). Genome-wide studies have revealed the importance of enhancers in regulating cell-specific expression. In fact, lineage-determining transcription factor motifs and corresponding factors have been found at enhancers in multiple cell lines, including 3 of the 4 'Yamanaka factors' in ESCs [37] , suggesting that identifying enhancer-bound transcription factors is relevant for developing any desired cell type. However, it is important to consider that while Hnf1a and Hnf4a were able to induce the expression of proximal tubule markers, including the drug transporter Oat1, these transcription factors, in combination with others, have also been used to establish the hepatocyte cell fate. Thus, additional cues are likely important for refining specificity.
The starting material (iPSCs, differentiated somatic cells, or adult stem cells) for reprogramming is also worth considering because the epigenetic memory of the initial cell state has been demonstrated to play a role in determining the endpoint cell phenotype. Nevertheless, in addition to the aforementioned studies, there are multiple reports of the successful establishment of differentiated cell types of multiple organs from various cell sources, indicating that this should be achievable for most lineages. Furthermore, strategies that require the establishment of terminally differentiated fates rather than multipotent progenitor cells may have a lower risk of tumorigenicity. Thus, it is important to expand the capability to establish mature cell types and explore their potential for renal tissue engineering.
Conclusions
Here we have offered a perspective on several options that may be developed to bioengineer implantable tissue capable of restoring kidney function. Most of the approaches to renal tissue engineering discussed here are limited by the ability to establish the required cell types, among other factors. Vascularization and scale-up remain important considerations. Furthermore, it is not clear whether it is better or easier to differentiate towards
